An ideal extraction method would extract metal efficiency while retaining the metal's oxidation state. The properties of ion-pair extraction should approach the ideal for separation of the oxidation states. For example, the need for the speciation of chromium is obvious since Cr III is considered to be an essential element, while Cr VI is thought to be toxic and carcinogenic. 1,2 Chromium(VI) probably exists at µg L -1 or lower levels in natural water samples, and must therefore be preconcentrated prior to using the various methods, which are usually not sensitive enough to directly detect trace Cr VI in these water samples. Only a few extraction and preconcentration methods, including ion-exchange, 3,4 supercritical fluid extraction, 5 ionpair RP-HPLC, 6 coprecipitation, 7 soluble membrane filter, 8 solid-phase extraction 9 and solvent extraction, 10-13 have been reported for the determination and speciation of low levels of individual Cr species, even with the most sensitive techniques, such as spectrophotometric.
Introduction
An ideal extraction method would extract metal efficiency while retaining the metal's oxidation state. The properties of ion-pair extraction should approach the ideal for separation of the oxidation states. For example, the need for the speciation of chromium is obvious since Cr III is considered to be an essential element, while Cr VI is thought to be toxic and carcinogenic. 1, 2 Chromium(VI) probably exists at µg L -1 or lower levels in natural water samples, and must therefore be preconcentrated prior to using the various methods, which are usually not sensitive enough to directly detect trace Cr VI in these water samples. Only a few extraction and preconcentration methods, including ion-exchange, 3, 4 supercritical fluid extraction, 5 ionpair RP-HPLC, 6 coprecipitation, 7 soluble membrane filter, 8 solid-phase extraction 9 and solvent extraction, [10] [11] [12] [13] have been reported for the determination and speciation of low levels of individual Cr species, even with the most sensitive techniques, such as spectrophotometric.
The present paper describes the details of the development of a speciative extraction-spectrophotometric procedure for the determination of Cr VI and Cr III in natural water samples, using tetrabutylammonium bromide (TBAB) as a counter ion and the selective ion-pair extraction of Cr VI from acidic solutions into methyl isobutyl ketone (MIBK), and preconcentration of this ion-pair by its back-extraction into an acidic diphenylcarbazide (DPC) solution. By the oxidation of Cr III to Cr VI by Ce VI , 14, 15 the Cr III concentration can be measured using the aforementioned procedure.
Experimental

Reagent
All reagents were of analytical-reagent grade. Doubly distilled and de-mineralized water was used throughout. A Cr VI solution stock containing 0.1 g L -1 Cr VI was prepared by dissolving 0.3735 g of pure potassium chromate (Merck) in 1 L of water. A Cr III standard solution was prepared by the dilution of a Titrisol stock solution (0.1 g L -1 Cr as chromium chloride) (Merck). A 250 ml portion of TBAB 0.02 M was prepared by dissolving 3.2568 g of tetrabutylammonium bromide (99%, Merck) in 250 ml of methyl isobutyl ketone (May & Baker). A 100 ml portion of 1.9 × 10 -3 M DPC was prepared daily by dissolving 0.1163 g of Sym-diphenylcarbazide (May & Baker) in 150 ml of ethanol (Merck), and diluting to 250 ml with a 2.5 M HNO3 solution. A solution of 0.4% m/V ceric ammonium nitrate (Merck) was prepared by dissolving 4 g of ceric salt in 0.5 M HNO3 (1 L).
Apparatus
A Shimadzu UV-VIS spectrophotometer (Model UV-160), with a 1.0 cm optical path quartz cell was used for spectrophotometric measurements. A rotator (Model AR. 14 (E.L.M.)) with a speed of 160 was used for shaking.
Procedure
First, 100 ml standard Cr VI A very specific, selective, simple and inexpensive procedure was developed for the speciation of Cr VI and Cr III . This method is based on the quantitative extraction of chromate and Cr III (previously oxidized to Cr VI ) as a tetrabutylammonium-chromate ion-pair in methyl isobutyl ketone (MIBK), and then back extraction and preconcentration with an acidic diphenylcarbazide (DPC) solution. Back extraction was applied to achieve further preconcentration by a final factor of 20. The Cr VI -DPC complex was determined in back-extract by a spectrophotometer at 548 nm. Under these extraction conditions, most of the probable concomitant cations and anions remained in the first inorganic phase. The calibration curve was linear up to 0.14 µg L -1 of Cr VI with a detection limit of 2.22 ng L -1 . The developed procedure was found to be suitable for the determination of the Cr VI and Cr III species in various natural water samples with a relative standard deviation of better than 1.6%. The method was successfully applied to the speciation of chromium in spiked natural water samples, and also samples of effluent from a leather treatment plant.
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into separatory funnels; then, 5 ml of HNO3 (65%) and 10 ml of a TBAB solution were added. After mixing, the ion-pair compound was extracted by shaking for 5 min. The phases were allowed to separate and then the organic phase was transferred into a new separatory funnels and 5 ml of an acidic DPC solution was added and mixed thoroughly. The ion-pair compound was back-extracted from MIBK into an acidic DPC solution, which was used for a spectrophotometric measurement of Cr VI . Appropriate tests showed that there was no absorbance for the second extraction, and thus the extraction of Cr VI was quantitative. For a Cr III determination to the aqueous phase of ion-pair extraction, 10 ml of ceric ammonium nitrate (0.4%) was added to oxidize Cr III to Cr VI and shaken for 5 min. Then, 5 ml of HNO3 and 10 ml of a TBAB solution were added and the new tetrabutylammonium (TBA + )-chromate, CrO4 2-(TBA + )2, ion-pair was extracted by shaking for 5 min. Again, the new ion-pair from MIBK was back-extracted into an acidic DPC solution and the Cr III concentration was measured.
Results and Discussion
Optimization of extraction conditions
Tetraalkylammonium bromide (R4N + Br -, R = n-butyl and npropyl) as a counter ion reacted very strongly with metal cyanides, alkyl sulfonate, sulfur oxides, inorganic anions and oxyanions, such as CrO4 2-. 16, 17 The equilibrium was as follows:
Tetrabutylammonium bromide [(n-But)4N + Br -] formed a stable ion-pair with chromate ions in an acidic aqueous solution. 15 This ion-pair could be separated from other species present in the sample solution by extracting selectively into an organic solvent. Several organic solvents, such as chloroform, carbon tetrachloride and MIBK, were tested as testing solvents. Chloroform did not extract the ion-pair, and the extraction of this ion-pair with carbon tetrachloride was not quantitative. MIBK was recommended as a convenient solvent in this work, because the absorbance of the ion-pair was highest, and that of the reagent blank was lowest in this solvent. In addition, the solvent extracted the ion-pair quantitatively.
Chromate (yellow color) has two ligand-metal charge transfer (LMCT) bands at wavelengths of 258 nm (O 2-(π) → Cr(3dt2g)) and 349 nm (O 2-(π) → Cr(3deg)) in water (see Fig. 1A ). 18 As expected, we obtained only one LMCT band at a higher wavelength (365 nm) for the extracted ion-pair of chromate in MIBK (yellow color, see Fig. 1C ). It was found that the position of the charge-transfer band is a function of the solvating ability of the solvent; a shift to lower wavelengths is detected in the better solvating solvent, and because of the low solvating ability of MIBK, we could not obtain the O 2-(π) → Cr(3dt2g) LMCT band. 19 TBAB in MIBK has only a negligible absorbance at 365 nm (see Fig. 1B ).
The formation of the CrO4 2-(TBA + )2 ion-pair and the extraction of that in MIBK can be confirmed by considering the peaks in Fig. 1 .
In this work the CrO4 2-(TBA + )2 ion-pair, which was extracted into MIBK and separated from the aqueous phase, was back extracted into an acidic DPC solution. The Cr VI of this acidic solution produced a soluble violet color complex with DPC, 20 and was finally determined by spectrophotometry at 548 nm. The applicability of this procedure for the speciation and quantitative analysis of chromium was tested by analyzing standard solutions of Cr VI and Cr III at a concentration of 0.06 µg L -1 of chromate with the proposed method. The absorbances of these solutions and the blank solution (acidic DPC solution) are given in Table 1 . Another same type standard Cr III solution was subjected to the above extraction method, but before ion-pair formation, the Cr III of this solution was oxidized to Cr VI by using a Ce IV solution. The absorbances of this standard solution and a sample of MIBK (without TBAB) contacted with a Cr VI aqueous solution and back extracted into an acidic solution are also given in Table 1 . As shown in Table 1 , the extraction of Cr VI by the proposed method can be quantitative, and the presence of Cr III does not cause any interferences. Also, the quantitative extraction and determination of Cr III was possible if we oxidized Cr III to Cr VI with Ce IV prior to ion-pair extraction.
The CrO4 2-(TBA + )2 ion-pair is stable in acidic solution. The effect of the acidity on the efficiency of ion-pair formation, and hence extraction, was investigated by adding various volumes of nitric acid (65%) to a 100 ml volume of 0.06 µg L -1 chromium samples. The results are shown in Fig. 2 . By increasing the volume of added acid, the efficiency of the extraction (absorbance) was increased.
Although the absorbance reached to a fixed value upon by adding 4 ml and a further volume of acid, we chose 5 ml as the optimum acid volume.
The effect of the variation of the TBAB concentration on the absorbance signal of the extract was studied for a fixed amount of chromium (0.06 µg L -1 ). Figure 3 shows that the optimum concentration of TBAB was not less than 0.02 M TBAB.
The influence of the shaking time on the efficiency of the , each) with oxidation. a. Based on eight measurements. extraction process was optimized by employing shaking times of between 1 to 7 min. It was found that a shaking time of 5 min was required for extraction. When shorter shaking times were used the Cr VI was not quantitatively extracted. The shaking time of 5 min was chosen as the optimum shaking time (see Fig. 4 ).
Calibration
Under the optimized conditions of 5 ml nitric acid (65%), a 0.02 M TBAB concentration and a shaking time of 5 min, standard concentrations of Cr VI or Cr III (after oxidation) were prepared and the calibration curve plotted. The calibration curve was linear with a regression equation of Abs = 5 × 10 -3 + 6.743CCr, in which CCr was the chromium species concentration µg L -1 . A regression equation was obtained using an eight-point calibration. The correlation coefficient for the curve was obtained as 0.9993. A blank signal with the procedure for ten replicate extractions was measured.
The detection limit (evaluated as the concentration corresponding to three-times the standard deviation of the blank signal) was calculated to be 2.22 ng L -1 . The relative standard deviation varied from 1.8 to 0.47 with a concentration range of 0.008 to 0.12 µg L -1 . As shown in Table 2 , these data imply a good repeatability and accuracy for the method.
Interference study
To evaluate the attainable selectivity, chromium was extracted in the presence of a probable concomitant species in natural water. The results are given in Table 3 . The tolerance limit was set as the concentration of foreign ions that produced an error of <5% in the determination of Cr VI . The results given in Table 3 show that most of the cations and anions caused no severe interference effect.
Determination of chromium in real samples
The proposed method was tested with different water samples from different locations in Iran; the samples were filtered (Whatman no. 1), conditioned at the sampling place in order to obtain 0.2 M HNO3 solutions and determined by the proposed method. The original chromium concentration of these samples was also determined before spiking. Experiments involving the addition of Cr III and Cr VI to all samples revealed excellent recoveries and no matrix interference, as shown in Table 4 .
Further tests were performed on four river-water samples of effluent from a leather plant located near the Caspian sea in the north of Iran, collected before reaching the waste water recovery plant at different dates. The accuracy was evaluated by comparing the results obtained for these real samples with those obtained for samples by a GF-AAS 21 method. The results compared favorably, as shown in Table 5 .
Conclusion
The sensitivity, selectivity and applicability that can be achieved by using TBAB as a counter ion in ion-pair extraction in the speciation of chromium have been demonstrated. Sequential extraction was applied to the separation and preconcentration of the chromium species in real samples, which was followed by a spectrophotometric determination of these species. ; and volume/mL of 65% nitric acid = 5. 
